Neuropsychiatric disorders affect a large segment of the human population and result in large costs to society. The majority of such disorders have unknown underlying causes. Recent evidence suggests an important role for epigenetic regulation in the emergence of neuropsychiatric disease. Epigenetics may provide a link between genetic and environmental factors and behavior. Epigenetic signaling involves changes on the structure of chromatin; such changes are often triggered and maintained by the post-translational modification of chromatin proteins and/or DNA. Recent proteomic technologies have enabled the study of epigenetic mechanisms in a high-throughput manner. This review will provide an overview of the major epigenetic pathways and modern techniques for their study, before focusing on experimental evidence supporting a strong role for epigenetics in selected psychiatric disorders such as depression, schizophrenia, and drug addiction. These results highlight a great need for the inclusion of the proteomic characterization of epigenetic mechanisms in the study of gene/disease associations in psychiatric disorders.
Introduction
Neuropsychiatric disorders generally have unknown underlying causes. Several hypotheses seeking to explain the neurobiology of psychiatric disease have been postulated: alterations in monominergic neurotransmission, neurogenesis, and glial development and transport are only a few of the proposed mechanisms of disease. 1 Changes in gene expression have been proposed as one unifying molecular mechanism that could provoke and maintain the stable brain modifications and changes in behavior correlated with psychiatric ailments. However, virtually all studied transcription factors revert to normal very quickly after chronic perturbation. 2 Recent evidence points to a role for epigenetic regulation in the emergence of neuropsychiatric disorders; epigenetics may represent a mechanism behind the occurrence of disease, serving as a largely uncharacterized link between genetic and environmental factors. 1, 3 Furthermore, epigenetic mechanisms are accessible targets for pharmaceutical treatments and thus they can open the door to new, alternative strategies in the treatment of psychiatric disease. 4 Our knowledge of the dynamic interplay between genetic and environmental factors in the occurrence of neuropsychiatric diseasesvia epigenetic signalingscan be significantly enhanced by exploiting available proteomic technologies ( Figure 1 ). This review will provide an overview of two major epigenetic mechanisms (histone modification and DNA methylation) and the current proteomic approaches for their study, before focusing in findings supporting a strong role for epigenetics on selected psychiatric disorders such as depression, schizophrenia and drug addiction. The experimental results reviewed make a strong argument for the inclusion of epigenetic markers in the study of gene/disease associations in psychiatric disorders.
Short Introduction into Chromatin, Epigenetics and Its Study
Eukaryotic DNA is packaged into chromatin, a highly organized protein-DNA complex. Once thought to be a mere DNA compaction scheme, the structure of chromatin has now been found to regulate gene accessibility and transcription. Disruption of chromatin architecture is intimately associated with various human diseases, such as cancer, 5 and several neurological syndromes including R-thalassemia/mental retardation, Rett, Coffin-Lowry, and Rubinstein-Taybi syndromes. 6, 7 Chromatin domains differing in structure and transcriptional activity are formed and maintained by the interaction and posttranslational modification of chromatin proteins, 8 which can alter gene expression in both dynamic and stable fashions. 9, 10 Actively transcribed chromatin domains are termed euchromatin, while transcriptionally inert genes constitute heterochromatin. 11, 12 Euchromatin is less condensed, more accessible, and easily transcribed, whereas heterochromatin is highly condensed, ordered, and thus inaccessible to the transcriptional machinery.
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The basic unit of chromatin is the nucleosome which consists of approximately 146bp of DNA wrapped around an octameric histone core formed by one H3-H4 tetramer and two H2A-H2B dimers. The N-terminal "tails" of histone proteins project out of the nucleosome core. 13 The linker histone H1 stabilizes DNA in between nucleosomes and has an important role in the higher-order folding of chromatin ( Figure 2 ). 14, 15 Despite the fact that the histone core binds the DNA backbone in 14 distinct locations (resulting in over 120 atomic interactions), 16 nucleosomes are highly dynamic and can slide along DNA with the aid of ATP-dependent nucleosome-remodeling complexes. [17] [18] [19] Chromatin/nucleosome structure is known to change locally in response to processes such as gene transcription, DNA damage, replication and recombination. 20 Changes in the composition and structure of chromatin are sufficient to cause heritable phenotypic changes. These changessoccurring without alterations in DNA sequencesare termed epigenetic. Epigenetics determines whether, when, and how particular genes will be transcribed. 21 Epigenetic mechanisms involve mainly the post-translational modification of histone proteins and the methylation of DNA.
Post-Translational Modification of Histones
The protruding histone N-terminal tails are decorated with myriad post-translational modifications (PTMs) including phosphorylation, methylation and acetylation ( Figure 2) . 22, 23 Though all histonessincluding H1 15 shave been found to be modified, PTMs are higher in number and abundance on histones H3 and H4 and thus this review will focus on these. PTMs occur on multiple, but specific, amino acidssparticularly on lysine and arginine residues. 24 Certain modifications, such as acetylation and phosphorylation, are dynamic and easily reversible and thus are associated with dynamic changes in gene expression. 25 On the other hand, more stable modifications such as histone methylation are thought to participate in the long term maintenance of genomic regions. 25 Histone PTMs have been linked to diverse cellular events including apoptosis, 26 cell differentiation, 27 cancer, 28 and the cell cycle. 22 Unlike DNA methylation (see below), particular histone PTMs can either activate or repress gene transcription. 29, 30 For example, histone H3 trimethylation at lysine 4 (H3K4me3) and histone acetylation are linked to transcribed genomic regions (euchromatin), 31 while trimethylation of histone H3 on lysine 9 (H3K9me3) is associated with gene silencing (heterochromatin). 32 Distinct "writers" and "erasers" of the histone code have been found to be responsible for adding or removing a particular PTM. 30 For instance, histone acetyl transferases (HATs) are responsible for acetylating histones, while histone deacetylases (HDACs) remove acetyl groups. In general, histone modifying enzymes are very specific; the modifying enzyme depends on the particular histone variant and the specific site modified. 30 For instance, different enzymes are responsible for methylating histones with varying pre-existing degrees of methylation. 33 There are seven lysine methyltransferases (HMTases) responsible for the methylation of lysine 9 on histone H3 alone; 30 among these, HMTase G9a is responsible for adding two methyl groups to unmodified histone H3 on K9 (resulting in H3K9me2), while SUV39H1 adds two methyl groups to monomethylated K9 (resulting in H3K9me3). 34 Although histone PTMs were initially thought to affect cellular processes through modifying the interaction between the histone core and DNA, the remarkable diversity and biological specificity associated with histone modification patterns has led to the "histone code" hypothesis. 25 This theory proposes that individual histone PTMs and their combinations are "codes" that function as binding locations for other "effector" proteins that "interpret" these codes 35 and dynamically regulate DNA-templated processes. 36 Supporting this hypothesis, several histone PTM "read-ers" have been discovered. 37, 38 For example, histone H3 methylation at lysine 4 (H3K4me3) and lysine 36 (H3K36me3) are linked to transcribed regions and are correspondingly recognized by proteins containing Tudor and PHD domains. 31 Conversely, methylation of histone H3 on lysine 9 (H3K9me3) and lysine 27 (H3K27me3) are associated with heterochromatin as these marks recruit the gene silencing proteins Heterochromatin Protein 1 (HP1) and Polycomb group (PcG), respectively.
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Binding of protein readers to particular histone PTMs might be influenced by other histone PTMs. For instance, regulation of HP1 binding to H3K9me3 is provided by phosphorylation of serine 10 (the adjacent residue to lysine 9); phosphorylation of this residue releases HP1 from chromatin. 40, 41 This effect is known as the "Binary Switch." 5, 42 Other Binary Switches may be present on histone H3 and other histones, but have yet to be experimentally confirmed. Adding to the complexity of the code, some histone modifications have been shown to be cross-regulated by other modificationssor lack thereofson a different histone (usually within the same nucleosome). 43 For instance, H3 K36 di-and trimethylation by the HMTase Set2 is trans-regulated by a critical lysine residue on histone H4; the N-terminus of Set2 needs to interact with H4K44 in order to be able to bind the nucleosome and methylate H3K36. 44 Analysis of histone modifications has conventionally relied on modification-specific antibodies used in labor-intensive immunoassay methods (such as Western blotting, immunofluorescence, etc). 29, 35 Although these methods have provided considerable insight into the significance of histone PTMs, problems such as cross-reactivity or epitope occlusion impair the analysis. 35 Furthermore, the use of site-specific antibodies predetermines which modifications can be detected. Circumventing these issues, mass spectrometry (MS) has emerged as an alternative and unbiased approach to characterize histone modifications. 35 Analysis of histones by MS can be performed in several ways: Top Down, 45, 46 Middle Down 24 and Bottom Up ( Figure 3 ). 47 These approaches will be briefly visited here. For a detailed discussion of MS methods to characterize histone PTMs, readers are directed to reviews by Garcia et al. 35 and Trelle and Jensen. 48 15, 50 Digestion with trypsin is usually utilized to generate such histone peptides. Bottom Up MS was used to identify the aforementioned "binary switch" on histone H3, involving K9 and S10. 41 The MS-based methods mentioned so far are suited to provide a global view of the histone modification landscape in a given cellular state. However, very often the characterization of histone PTMs within specific genes or promoters is desired. To this end, methods targeting particular histone modifications or histone binding proteins and their associated DNA have been developed. These methodsstermed Chromatin Immunoprecipitation or ChIPstake advantage of antibodies designed to bind and enrich nucleosomes containing the feature of interest from fragmented chromatin. 29 The DNA associated with the immunoprecipitated nucleosomes can then be detected on a microarray (ChIP-chip). 51, 52 This technique has been used to profile histone PTMs on Saccharomyces cerevisiae, Drosophila melanogaster and mammalian genomes. [52] [53] [54] [55] More recently, DNA resulting from ChIP has been sequenced using next generation sequencing technology (ChIP-seq). 29, 51, 56 This method is capable of higher resolution, with less noise and better genome coverage than ChIP-chip. 29, 56 ChIP-seq has been used to profile histone modifications in human T cells. 57 Histone monomethylation on H3K9, H3K27, H3K79, and H4K20, for instance, was found to be linked to gene activation, whereas trimethylations on H3K27, H3K9, and H3K79 were linked to transcriptional repression. 
DNA Methylation
Another major mechanism of epigenetic regulation involves the methylation of DNA. In mammals, DNA methylation refers to the addition of a methyl group to a cytosine base in a CpG dinucleotide (Figure 2) . 51, 58 These nucleotides particularly occur in regions of DNA known as CpG islands. Methylated CpG islands are usually associated with promoter regions, and can act as methylation marks for imprinted genes. 29 DNA methylation has been strongly correlated to transcriptional repression, though the exact silencing mechanism remains unclear. 29 DNA methylation is regulated by DNA methyltransferases (DNMT); DNMT3a and DNMT3b "de novo" methylate, while DNMT1 maintains the pre-existing methylation state of DNA. 58, 59 DNA methylation can be bound by methyl binding domain (MBD) proteins. 29, 60 Not surprisingly, DNA methylation is closely coupled to histone PTMs. For instance, H3K9 recruits DNMTs that methylate DNA and methylated DNA in turn recruits other proteins that interact with HDACs to mediate gene repression. 61 The most widely used techniques for the characterization of DNA methylation sites are not entirely proteomic and include: (1) mapping of cleavage sites by restriction enzymes that are capable of discriminating between methylated and unmethylated CpG DNA sequences, (2) sequencing of DNA treated with sodium bisulfite, which converts all methylated cytosines to uracil, and (3) immunoprecipitation of DNA with an antibody that binds methylated cytosine (termed MeDIP, mDIP or mCIP). 51 In the first method, restriction enzymes that only recognize unmethylated DNA (e.g., HpaII 62, 63 and XhoI) 64 are used to identify a specific region as unmethylated (cleaved) or methylated (intact). Alternatively, restriction enzymes that recognize methylated DNA sequences (e.g., McrBC and Mrr) 65 can be used. In this case, methylated DNA would be cleaved while unmethylated DNA would remain intact. 51 These methods have been combined with microarrays and direct sequencing to profile DNA methylation on a genome-wide scale. [66] [67] [68] In the second approach, reaction with sodium bisulfite converts unmethylated cytosines to uracil. 69 PCR on the resulting DNA causes uracil to be replaced with a thymine base; thus, methylated cytosines are found by preservation of cytosine at a particular nucleotide position when searching the amplified DNA against a reference genome. Conversely, unmodified cytosines appear as substitutions from cytosine to thymine. 29 
Microarray
70,71 and next-generation sequencing [72] [73] [74] have been used to analyze bisulfite-treated DNA, recently achieving single base resolution on a genome-wide level. 29, 51, 75 Lastly, ChIP with an antibody recognizing methylcytosine, followed by DNA detection on a microarray has been successfully used to locate methylation sites across entire genomes.
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Epigenetic Alterations in Major Psychiatric Disorders
Through the study of epigenetics marks, researchers can determine whether or not a gene is actively transcribed or silenced during a particular disease state. In this way, epigenetics may provide a basis for determining transcriptional states and identifying genes and protein products implicated in neuropsychiatric illness. However, the potential impact of epigenetics in this field is far greater; epigenetics could provide a unifying theory behind the occurrence of mental disease, linking genetic and various environmental factors and illuminating an underlying etiology for selected neuropsychiatric illnesses. 3, 80 Epigenetics may explain several aspects of mental disorders, including discordant rates between monozygotic twins and the chronic relapsing nature of these diseases. 81 Numerous recent experimental data support a critical role for epigenetics in several psychiatric pathologies.
Depression. Depression is a serious psychological condition that presents with wide-ranging symptoms that include depressed mood, loss of interest or pleasure, feelings of guilt or low self-worth, low energy and poor concentration. 81 ,82 Over 121 million people worldwide are affected by it; 82 approximately one-sixth of Americans will suffer from depression during their lifetime. 81 In the year 2000, the economic burden of depression was estimated to be over $80 billion in the United States alone. 83 Recent studies have reported alterations in epigenetic markers in suicide victims, suggesting a link between epigenetics and depression. 1 In the frontopolar cortex, DNMT3b expression is increased in suicide completers (compared to controls that died suddenly from causes not involving any diseases of the central nervous system).
84 DNMT3b upregulation may contribute to the hypermethylation of the gammaaminobutyric acid type A (GABA-A) receptor promoter; this result would explain decreased levels of GABA-A expression in subjects that committed suicide. 84 The brain-derived neurotrophic factor BDNF and its receptor tropomyosin-related kinase B (TrkB) are also decreased in suicide completers 85 and these two proteins are decreased in the serum of depressed patients. 86 mRNA for the TrkB splice variant TrkB.T1 was found to be decreased in the brains of suicide victims. Moreover, promoter regions for this gene were found to be hypermethylated, suggesting altered DNA methylation may be responsible for the decrease in TrkB gene expression. 87 In rats, acute immobilization stress correlated with a decrease in histone acetylation at BDNF exons, correspondingly decreasing BDNF transcript levels. 88 In mice, chronic social defeat stress (an animal model for depression) caused decreases in BDNF mRNA as well as increases in repressive H3K27 dimethylation at the BDNF promoter. 89 Stress-related gene repression and decreased BDNF levels were found to be reversed by chronic (not acute) antidepressant treatment. 89 However, H3K27me2 was present weeks after the cessation of stress and was not reversed by antidepressant treatment. This epigenetic mark may therefore represent a long-lasting sign of repression on BDNF promoters resulting from chronic defeat stress. Rather than removing this methylation mark, chronic antidepressant treatment seems to reverse repression of the BDNF gene by inducing H3 acetylation, as well as methylation on H3K4 (activating mark) at the same promoters. Therefore, drugs capable of reversing -or overcoming -the epigenetic changes associated with depression have great potential as a new and improved family of antidepressant treatments.
Schizophrenia. Schizophrenia (SZ) is a common mental disorder (1% prevalence in US adults) 90 characterized by psychotic symptoms including delusions, hallucinations and disordered thoughts, as well as social withdrawal, lack of motivation and general apathy. 91 Although the underlying causes of SZ are unclear, experimental evidence suggests a role for DNA and histone methylation in the pathogenenesis of the disease. The mRNA level of reelin, an extracellular matrix protein previously implicated in neuronal migration and SZ, was found to be significantly decreased in brain tissue from patients diagnosed with SZ; this decrease correlated with an increased level of DNMT1. [92] [93] [94] This suggests that DNA hypermethylation in the promoter region of the reelin gene may be responsible for lower reelin expression in SZ patients. Treatment with HDAC inhibitors increased methylation at the reelin gene promoter (in both cell culture and in vivo). This suggests that an interplay between DNA demethylation and histone acetylation is responsible for controlling reelin expression and may also contribute to the regulation of other genes involved in SZ. 92 Epigenetic dysregulation of other proteins such as membranebound catechol-O-methyltransferase (MB-COMT) and glutamate decarboxylase 67 (GAD 67 ) have been implicated in SZ. MB-COMT promoter DNA has been found to be frequently hypomethylated in post-mortem brain samples from the frontal lobe of SZ patients. This change is accompanied by an expected increase in transcript levels of MB-COMT. 95 These findings suggest that MB-COMT overexpression due to promoter hypomethylation may increase dopamine degradation in the frontal lobe. 96 Conversely, post-mortem brain samples from SZ patients show reduced GAD 67 mRNA and protein. In addition to DNA hypermethylation, 97 this decrease was correlated with hypermethylation on H3K27 (heterochromatic mark), and hypomethylation of H3K4 (euchromatic mark) in the promoter region of the gene encoding GAD 67 . 98 Recently, it was shown that HDAC inhibitors activate reelin and GAD 67 with dose and time dependence comparable with that of DNMT inhibitors; both classes of drugs attenuate, directly or indirectly, the enzymatic and transcriptional repressor activities of DNMTs and HDACs. 99 This result points at the possibility of using epigenetic drugs, individually or in combination, as potential novel therapeutics to alleviate protein deficits and clinical symptoms associated with SZ.
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Drug Addiction. Drug addiction is a chronic relapsing disorder where motivation to seek and consume drugs of abuse becomes compulsive despite its negative consequences. 100, 101 Drugs of abuse, such as cocaine, heroin, and methamphetamines, usurp the brain's natural reward pathways, including the mesolimbic dopamine system. 2 Addiction does not occur immediately upon exposure to drugs of abuse, but rather involves neural changes that develop over time. 102 Nevertheless, acute administration of cocaine has been found to rapidly increase histone H4 acetylation (an activating mark) in genes known to be involved in cocainerelated behaviors. Although acute cocaine consumption does not affect every control gene promoter, it results in a global increase on histone H4 acetylation accompanied by concurrent phosphorylation and acetylation of histone H3 in striatum. 103 Furthermore, alterations in H3 acetylation in response to cocaine self-administration have been found to persist long after cessation of drug administration. 104 These results may implicate histone acetylation in drug addiction withdrawal and relapse. Interestingly, cocaine exposure also results in a global increase in H3K9 trimethylation (a silencing mark). Inhibition of the aforementioned histone methyltransferase (HMTase) G9aswhich results in a decrease in the levels of H3K9me3spotentiates behavioral response to cocaine. 105 This suggests that the H9K9me3 increase results from a compensatory mechanism to offset the negative effects of histone hyperacetylation. Increased histone acetylation through decreased HDAC5 function, a class II HDAC, has also been reported to occur in response to chronic cocaine consumption.
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Learning and Memory. The formation of long-term memories is thought to require lasting changes in gene expression. 2 As for depression and drug addiction, there is experimental evidence supporting a role for epigenetic mechanisms in this process. Contextual fear conditioning is a learning model by which an animal associates a new context with a negative stimulus. 107 Acetylation of histone H3, but not H4, has been found to be significantly increased after contextual fear conditioning. 108 Both contextual fear conditioning and/or the activation of the ERK pathway, which is thought to contribute to memory formation, result in increased levels of histone H3 phosphorylation and acetylation in the hippocampus. 109, 110 Mutant mice lacking CREBbinding protein (CBP), a transcriptional coactivator with intrinsic HAT activity, have deficits in several hippocampus-dependent memory tests; an HDAC inhibitor can restore normal long-term memory formation in the mutants, 111 and even enhance it in normal animals. 108, 109 Recent findings have also implicated changes in DNA methylation in learning and memory. Contextual fear conditioning induced DNMT3a and DNMT3b expression in the hippocampus and administration of DNMT inhibitors blocked the induction of this type of learning process. These results demonstrate that DNA methylation is dynamically regulated and that this cellular mechanism may be crucial for memory formation. 112 This consideration of epigenetics in learning and memory takes on added importance on light of recent evidence that natural brain aging is also associated with alterations in histone acetylation. HDACs inhibitors have been reported to enhance learning behavior and access to long-term memories in a mouse model of Alzheimer's disease through an increase in histone acetylation. 113 More recently, the acetylation of histone H4 at lysine 12 (H4K12) has been shown to be dysregulated in aged mice. 114 This aberrant regulation results in the loss of most memory-associated transcription in the hippocampus. The administration of an HDAC inhibitor increased H4K12 acetylation and rescued the expression of learning-induced genes leading to the recovery of cognitive abilities. 114, 115 This raises the possibility of epigenetic approaches to the treatment of cognitive decline associated with aging.
Future Directions: Including Epigenetics in the Study and Treatment of Psychiatric Disorders
The evidence reviewed above emphasizes the need to include the study of epigenetic marks in the study of genedisease associations in neuropsychiatric disorders. Epigenetics offers a mechanism through which environmental factors can modify gene function (with no changes in the DNA sequence) and account for the lack of direct relationship between genotype and phenotype in major psychiatric disorders and the observed variability in the symptoms of disease in individuals with similar genetic makeup. 95 Epigenetic alterations in gene activity could either exacerbate or counteract and obscure genetic predisposition to psychiatric disease. For example, decreases in elements of the serotonin signaling pathway have been long associated with several psychiatric diseases. 116 However, the mechanism by which these alterations may be related to mental disorders remains elusive, with the exception of a few known polymorphisms. 1, [117] [118] [119] Analysis of epigenetic marks in the promoter regions of serotonergic target genes may reveal new insights into how this system may be susceptible to these mechanisms. This example highlights the value of exploring genome-wide chromatin modificationssby way of the high throughput proteomic and genomic techniques reviewed heresto explore other genes in which changes at the chromatin level contribute to neuropsychiatric disorders. Experimental workflows integrating the study of mRNA, DNA sequence and epigenetic marks are needed to achieve a comprehensive view of the origins of mental disorders. Genome-wide epigenetic studies have produced groundbreaking results in the areas of developmental and cancer biology, netics field. In addition to revealing new ways to predict the occurrence and outcome of neuropsychiatric diseases, the study of epigenetic marks can also offer exciting new avenues for their treatment. For instance, DNMT inhibitors and HDACs have been tested for the treatment of amyotrophic lateral sclerosis, Alzheimer's disease, Rubinstein-Taybi syndrome, spinal muscular atrophy, multiple sclerosis, epilepsy, Rett syndrome, stroke, Fragile X syndrome, and Huntington's disease. 4, 122 These drugs also hold promise for therapy relevant to the psychiatric disorders discussed in this review, including schizophrenia, depression, and drug addiction.
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Conclusions
The abundant experimental evidence reviewed here highlights a need to include the study of epigenetics and chromatin in the analysis of human polymorphisms associated with psychiatric diseases. Epigenetics allows environmental factors to modify gene function and explain the lack of direct relationships between genotype and phenotype in major psychiatric disorders. Recently developed high-throughput technologies to characterize histone modifications and DNA methylation will greatly facilitate this task. The integration of the epigenetic code with genetic information will hopefully provide a unifying hypothesis about the origins of neuropsychiatric disorders. However, exactly how environmental factors relay information onto epigenetic marks to control gene transcription is still unknown; understanding these connections will certainly be key to uncovering new therapeutic targets for the prevention, treatment and eventual cure of mental illnesses.
